conditioning is a useful experimental model for studying adaptive timing, an important aspect of skilled movements. The conditioned response (CR) is precisely timed to occur just before the onset of the expected unconditioned stimulus (US). The timing can be changed immediately, however, by varying parameters of the conditioned stimulus (CS). It has previously been shown that increasing the intensity of a peripheral CS or the frequency of a CS consisting of a train of stimuli to the mossy fibers shortens the latency of the CR. The adaptive timing of behavioral CRs probably reflects the timing of an underlying learned inhibitory response in cerebellar Purkinje cells. It is not known how the latency of this Purkinje cell CR is controlled. We have recorded form Purkinje cells in conditioned decerebrate ferrets while increasing the intensity of a peripheral CS or the frequency of a mossy fiber CS. We observe changes in the timing of the Purkinje cell CR that match the behavioral effects. The results are consistent with the effect of CS parameters on behavioral CR latency being caused by corresponding changes in Purkinje cell CRs. They suggest that synaptic temporal summation may be one of several mechanisms underlying adaptive timing of movements.
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I N T R O D U C T I O N
Appropriate timing is a crucial aspect of all skilled movements and has been studied in detail in Pavlovian eyeblink conditioning (Mauk and Buonomano 2004) . Classically conditioned responses (CRs) are precisely and adaptively timed. In eyeblink conditioning, a neutral conditioned stimulus (CS) such as tone or a skin stimulus, which has been repeatedly followed by a blink eliciting stimulus [the unconditioned stimulus (US)], will elicit a blink that reaches its maximum amplitude very close the expected onset of the US (Kehoe and Macrae 2002) . If the CS-US interval is changed, further training will change the CR latency in the same direction and by a corresponding amount.
The timing of the CR probably reflects the timing of a response in cerebellar Purkinje cells. It is now known that the plastic changes underlying eyeblink conditioning are located in the cerebellum (Christian and Thompson 2003; Hesslow and Yeo 2002) . The CS is transmitted via mossy fibers to the cerebellar nuclei and to granule cells in the cerebellar cortex and via parallel fibers to the Purkinje cells and cortical interneurons, whereas the US is transmitted via climbing fibers. Although the precise roles of the cerebellar cortex and nuclei are not entirely clear, we know that paired CS-US presentations, whether consisting of peripheral stimulation or of direct mossy and climbing fiber stimulation, causes the appearance of an inhibitory response in the Purkinje cells (Hesslow and Ivarsson 1994; Jirenhed et al. 2007 ). This Purkinje cell CR is also delayed by an amount that reflects the CS-US interval, and its timing may determine the latency of the overt CR.
Although the CR latency is precisely regulated, it can be changed by manipulating the CS parameters. We have previously shown that increasing the intensity or frequency of an electrical train CS applied to the forelimb or increasing the frequency of a direct mossy fiber CS immediately decreases the latency of the CR . Using 1-mA, 50-Hz electrical skin stimulation as the CS and a CS-US interval of 300 ms, doubling either the CS intensity or the frequency of the CS train reduced the average CR onset latencies by ϳ60 -70 ms and the latencies to peak by very similar magnitudes. The mechanism behind this effect is unknown, but there are several possibilities. For instance, increasing the CS strength may increase the excitatory drive on the cerebellar deep nuclear cells and cause a faster increase in their firing rates. This would be consistent with several reports in the literature that interference with cerebellar cortical function can cause CRs with very short latencies (Bao et al. 2002; Koekkoek et al. 2003; Perrett et al. 1993) , usually thought to be driven by mossy fiber input to the deep nuclei. Another possibility is that an increased firing rate in the mossy fibers can change the Purkinje cell output either by recruiting more Purkinje cells or by causing a faster onset of the Purkinje cell CR.
The issue is important because it relates to the problem of how the timing of CR is controlled in general. Understanding the mechanism underlying the intensity effect may also throw light on the problem of how well-rehearsed and well-timed movement sequences can nevertheless be performed at different speeds.
This study was undertaken to address this issue by recording from individual Purkinje cells. Specifically, we wanted to determine whether manipulating the CS could affect the timing of the Purkinje cell CR. In one series of experiments, we tested the effect of increasing the intensity of a peripheral forelimb CS, and in a second series, we tested the effect of increasing the frequency of a CS consisting of a direct train of stimuli to the mossy fibers.
M E T H O D S

Anesthesia and surgery
Sixteen male ferrets, seven in the first series and nine in the second, weighing 1-2 kg, were used in this study. Each animal was anesthetized with isofluorane (1.5-2% in a mixture of O 2 and N 2 O; Abbot Laboratories). The end-expiratory CO 2 concentration, arterial blood pressure, and rectal temperature were monitored continuously and kept within physiological limits. Throughout the experiment, the animals were artificially ventilated, and a continuous infusion [1 ml/kg/h of a mixture of equal volumes: glucose in H 2 O (50 mg/ml), Macrodex in 0.9% NaCl solution (60 mg/ml), and isotonic acetate Ringer] with albumin (30 or 40 mg/ml infusion; Fraction V from Bovine Serum, Merck, Darmstadt Germany) was given into the femoral vein.
The animal's head was fixed in a stereotaxic frame. The skull was opened on the left side, and the caudal parts of the cerebral hemispheres were removed so that the cerebellum was exposed. The animal was decerebrated by sectioning the brain stem just rostral to the superior colliculus. After decerebration, the anesthesia was terminated. The exposed cerebellar surface was covered by either mineral oil or agarose gel. To obtain sufficient stability of the tissue so that single unit recordings would be possible, the animals were curarized (Norcurone) after stable conditioning had been achieved. In the first series of experiments, with a peripheral CS, this meant after behavioral CRs were present on Ͼ95% of the trials. In the second series of experiments, where direct mossy fiber stimulation was used as the CS, curarization was performed at the beginning of training to prevent movements from disrupting the position of the stimulating electrode. For further details about anesthesia and surgery, see Svensson et al. (2006) and Jirenhed et al. (2007) .
Stimulation
The stimulation and recording set-up is shown in Fig. 1A . In the first series of experiments, the CS was a 300-ms, 50-Hz train of 0.2-ms square pulses applied subcutaneously through a pair of needle electrodes inserted ϳ5 mm apart through the skin of the left proximal forelimb. The CS intensity was 1 mA throughout the training session. During experimental tests, the CS intensity was increased to 2 mA. The CS did not elicit eyelid responses at any of these intensities.
The US was a periorbital electrical stimulation applied through two stainless steel electrodes (insulated insect needles, deinsulated tip of ϳ100 m), the tips of which were inserted ϳ5 mm apart into the skin of the medial part of the periorbital area. Three square pulses of 0.5-ms duration (50 Hz) and a current intensity of 3 mA were used.
In the second series of experiments, the CS and US consisted of direct electrical stimulation of the mossy and climbing fiber pathways. The mossy fiber CS consisted of a 400-to 800-ms, 50-Hz train of stimuli (0.2-ms square pulses; 90 -100 A) applied directly to mossy fibers in the middle cerebellar peduncle. The US consisted of two 10-ms stimulus trains delivered to the climbing fibers with a 20-ms interval, each train consisting of five square pulses (0.1-ms pulse duration) at 500 Hz. (For further details on stimulation procedures and verification of stimulation sites, see Svensson et al. 1997 and Jirenhed et al. 2007 ).
Recordings
The blink responses were monitored as EMG activity recorded from the orbicularis oculi muscles through two stainless steel electrodes (insulated insect needles, deinsulated tip Ϸ100 m) inserted through the skin of the upper eyelid.
To identify the blink area of the C3 zone in lobule VI and VII, surface potentials were recorded with monopolar silverball electrodes (100 -200 m) as the periorbital area was stimulated (3 mA, 1 square pulse, 0.5-ms duration, 0.2 Hz). The C3 zone blink controlling area was identified according to previously described criteria (Hesslow 1994a,b) .
Single unit recordings were performed from the blink area of the C3 zone with monopolar microelectrodes (glasscoated tungsten wires; exposed tip, 10 -20 m; 10 -20 Mohm). The units were classified as Purkinje cells according to the presence of characteristic both simple and complex spikes. The experimental set-up is schematically shown in Fig. 1 . Electrophysiological recordings and analysis were performed with computer software package from Cambridge Electronics. The sampling rate was 20 kHz.
Training procedure
In the first series, the training consisted of paired presentations of a 300-ms forelimb CS and a periorbital US. The CS-US interval was 300 ms, which means that the CS stopped at the onset of the US. Although the CS did not terminate at the end of the US, which is standard in delay conditioning, there was not CS-free "trace" period between the CS and US. In previous work in our laboratory, neither sensitization nor pseudoconditioning has been observed with these parameters .
In the second series, the mossy fiber CS was a 50-Hz train with a duration of 400 -800 ms, and the US was a direct climbing fiber stimulation. The inter-stimulus interval (ISI) was 200, 300, or 500 ms. The reason for the different CS durations and ISIs in the second series was that these cells were also used for a different study (Jirenhed et al. 2007) .
The intertrial interval (ITI) was kept constant at 15 s throughout most of the experiment. To exclude the possibility that the responses acquired during training were caused by temporal conditioning, the ITI was occasionally changed in a pseudorandom manner. The CRs always remained time locked to the CS.
During training, only paired CS-US presentations were given. CS-alone trials were given only in the second series of experiments after stable conditioning had been achieved as monitored by the presence of Purkinje cell CRs. This was done to enable analysis of the temporal profile of the Purkinje cell CR.
FIG. 1. A: experimental setup, showing placement of electrodes for delivering conditioned (CS) and unconditioned (US) stimuli. mf, mossy fiber; cf. climbing fiber; pf, parallel fiber; PC, Purkinje cell; GrC, granule cell; AIN, anterior interposity nucleus. B: effect of increasing CS intensity on CR latency. EMG records from the eyelid on CS alone trials when CS intensity was 1 (top trace), 2 (middle trace), and 1 mA again (bottom trace).
Analysis
The eyeblink was recorded as EMG activity from the orbicular oculi muscle (Fig. 1) . The EMG activity was high-pass filtered, rectified, and integrated over 5-ms bins. The onset latency of the CRs was defined as the first EMG activity between 60 and 300 ms after CS onset that exceeded 200% of pre-CS activity.
The occurrence of simple spikes was detected off-line by a level detector in the recording programs (Signal and Spike, CE, Cambridge, UK). To quantify the effect of increased CS intensity, the simple spike FIG. 2. Effect on simple and complex spike firing of increasing forelimb CS intensity on Purkinje cell activity during paired CS-US trials. A: Purkinje cell that responds with complex spikes to US (PC1). Raster diagrams and corresponding peristimulus time histograms based on 10 trials. Bin width was 10 ms. Each row in raster diagram represents 1 trial. Small dots are simple spikes and large dots complex spikes. Dotted vertical lines indicate CS onset and 3 US pulses. Data obtained with a CS intensity of 1 (top), 2 (middle), and 1 mA (bottom). The 2-mA CS clearly causes a stronger simple spike suppression with faster onset. B: similar data from a Purkinje cells that did not respond with complex spikes to the US (PC2). The 1-mA CS causes a very slight increase in simple spike firing. The difference between 1 and 2 mA is barely noticable. C: 3 sample Purkinje responses in PC1 to a single US pulse. Notice short-latency complex spikes (indicated by asterisks just above the initial spike) in each trial. D: responses to single US pulses in PC2. The stimulus elicits field responses but no complex spikes. For comparison, complex spikes (not elicited by the US) from this cell are shown in E.
frequencies were integrated in bins of 20 ms. The maximal suppression was the onset of the 20 ms with the lowest simple spike frequency. If more than one bin had identical suppression, the latency to maximal suppression was set as the first of these bins. We also quantified the latency to half-maximal suppression. This was set as the time at which the simple spike frequency first decreased below 50% of the control level (average simple spike frequency during the 100 ms before CS onset).
R E S U L T S
Effect of increasing peripheral CS intensity
In the first series of experiments, seven animals were trained with a 300-ms forelimb CS and periocular US until behavioral CRs were elicited in Ͼ95% of the trials. This required 3-6 h (ϳ350 -600 trials) of training. After robust conditioning had been achieved, the effect of increasing the CS intensity from 1 to 2 mA was tested. As previously reported , this always caused an immediate decrease in the latencies both to onset and peak of the behavioral CR (Fig. 1B) . The CR latency remained shortened for Ն10 trials of increased CS intensity. When the CS intensity was reset to 1 mA, the latency returned to control levels. Because a detailed analysis of these latency effects under identical experimental conditions has been performed previously ) and because we wanted to curarize the animals quickly to allow for Purkinje cell recordings, a systematic study of the latency changes in behavioral CRs was not attempted in this study.
After testing the effect of intensity change on CR timing, the animals were curarized, and Purkinje cells were sampled from the blink controlling area of the C3-zone. Data were obtained from 23 Purkinje cells. Eleven of these responded to the periorbital US with one or two complex spikes at 12 Ϯ 3.1 ms. In the other 12 Purkinje cells, the US did not elicit any complex spikes. The forelimb CS never elicited short-latency complex spikes, but it did elicit occasional erratically timed complex spikes in a few cells.
The simple spike firing of the Purkinje cells was then studied in paired CS-US trials. In the majority of the US responsive cells (8/11), a Purkinje cell CR, which is a pause or a clear suppression in the simple spike firing toward the end of the CS-US interval, was observed (Jirenhed et al. 2007 ). An example is shown in Fig. 2A . The details for all cells that showed this effect are summarized in Table 1 . The maximal suppression ranged from 30 to 100% of the pre-CS firing rate and had a latency of 190 Ϯ 47 ms (median Ϯ SD; Table 1 ). A reason for the incomplete suppression in some Purkinje cells was that no CR at all occurred on occasional trials rather than a weak suppression during all trials. This can be seen in the raster diagram of Fig. 2A .
The three Purkinje cells, with no CRs, responded to the CS either with no change in simple spike firing (Յ10% change, 1/11) or with an increase toward the end of the CS-US interval to ϳ150% of control (2/11).
In contrast, PCs that did not respond with a complex spike to the US never showed any simple spike depression. Instead, these PCs responded either with no change in simple spike frequency (Յ10% change, 10/12; Fig. 2B ) or with an increase throughout the CS-US interval to ϳ150 -200% of the pre-CS firing rate (2/12).
The timing of the Purkinje cell CRs was studied when the CS intensity was increased from 1 to 2 mA. In all cells with Purkinje cell CRs, this sudden increase in CS intensity caused the simple spike suppression to start earlier (Fig. 2) . The maximal suppression started 50 Ϯ 18 ms earlier (median Ϯ SD) and the half-maximal suppression started 70 Ϯ 36 ms earlier (median Ϯ SD). Moreover, the maximal suppression was increased. The simple spike frequency in the most strongly suppressed bin was 1.5 Ϯ 28% of control (median Ϯ SD) compared with 23 Ϯ 25% of control to 1 mA (median Ϯ SD). In contrast, the vast majority of the Purkinje cells without conditioning-related suppression (14/16) responded to the sudden CS intensity increase with no change in simple spike frequency (Յ10% change). The other PCs responded with an increased simple spike frequency to ϳ160% of control (1/13) or with a slight suppression to 81% of control (1/13) toward the end of the CS-US interval. In nine PCs, the CS of 1 mA caused an increased simple spike frequency during a period of 60 ms just after CS onset to 177 Ϯ 17% of control (mean Ϯ SEM). This increase did not seem to be related to the complex spike because it occurred in five of the Purkinje cells with US elicited complex spikes and in four Purkinje cells with no US elicited complex spikes. Furthermore, this early increase in simple spike frequency was not significantly changed when the CS intensity was suddenly increased to 2 mA.
In some Purkinje cells, the CS would occasionally elicit complex spikes, and this occurred more often when the CS intensity was increased. Examples of this can be seen in the raster plots in Fig. 2 where the bold dots indicate complex spikes. Complex spikes are known to elicit pauses in simple spike firing (Simpson et al. 1996) , but for reasons explained in the DISCUSSION, this is unlikely to have influenced the results.
Simple spike suppression disinhibits the deep nuclei and causes inhibition of the inferior olive via the nucleo-olivary pathway Hesslow 1986) . One would therefore expect that increased simple spike suppression as observed in these experiments would be correlated with a depression of US-elicited complex spikes. Although the data are insufficient to permit any definite conclusions, we would like to point out an interesting observation that is consistent with this argument. The US consisted of three stimuli to the periocular area delivered at 50 Hz. In the cell shown in Fig. 2A , the Purkinje cell usually responded with two complex spikes when the CS was 1 mA and the inhibition of simple spikes was weak. In contrast, as seen in the middle raster plot, when the CS was 2 mA and the inhibition was stronger, the cell responded with only one complex spike, except on those trials where the simple spike suppression failed to occur.
Effect of increasing mossy fiber CS frequency
In a second series of experiments, nine animals were trained with a mossy fiber CS and a climbing fiber US. The CS-US interval was 200 (n ϭ 7), 300 (n ϭ 1), or 500 ms (n ϭ 1). The animals were trained until reliable Purkinje cell CRs were elicited by the CS. The properties of these responses have been described previously (Jirenhed et al. 2007 ). Data for this study were obtained from 11 cells.
Increasing the intensity of a forelimb CS presumably increases the firing rate in the mossy fibers. Increasing the intensity of a mossy fiber stimulus, on the other hand, would recruit more fibers but would not affect the firing rate in the individual fiber. A reasonable mossy fiber equivalent of the forelimb CS manipulation is therefore increasing the pulse rate of the CS. Indeed, these manipulations have been shown to have identical effects on the behavioral CRs . The number of pulses in the CS was kept constant. This meant that, to keep the protocol as delay conditioning, the lowerfrequency CS had to outlast the CS-US interval by a couple of hundred milliseconds.
Increasing the frequency of the CS train from 50 to 100 Hz caused a marked decrease in the latency of the Purkinje cell CR in seven cells and no or opposite effects in four cells. Figure 3 was constructed to be directly comparable to Fig. 2 and shows peristimulus time histograms from CS-alone trials of a representative Purkinje cell when using a 50-Hz CS and a 100-Hz CS. The high-frequency CS caused a much faster onset of the simple spike suppression (cf. Table 1, PC 9). When the 50-Hz CS was applied again, the topography of the Purkinje cell CR reverted to its original appearance.
Because these effects were more variable than increasing the intensity of the forelimb CS, we chose to show all 11 Purkinje cells. Figure 4 shows peristimulus time histograms for all the cells that conformed to the pattern in the first series of experiments. Inspection of these histograms (as well as calculations shown in Table 1 ) clearly shows that the onset latency and the latency to maximum simple spike suppression was markedly reduced. This is also evident in Fig. 4B , which shows the average responses of PC 9 -13 (the cells where the ISI was 300 ms).
In some of the cells, the suppression of the simple spike frequency during the high-frequency CS was smaller than in the control trials. The raster diagrams show that this was caused by a larger proportion of trials with no Purkinje cell CR at all rather than weaker CRs.
Because the shortened onset latency is suggestive of temporal summation, it might be expected that the latencies to offset of the Purkinje cell CRs would be increased. This was not the case, however. Indeed, there was a slight shortening of the offset latencies as well. This can be seen clearly in all of the individual histograms in Figs. 3 and 4 and in the average population histograms of Fig. 4B .
There were four Purkinje cells that did not conform to the pattern described above. These are shown in Fig. 5 . Two cells (PC 16 -17) responded with simple spike suppressions when the CS frequency was increased but did not show shortened latencies, as these were routinely calculated. However, when inspecting the peristimulus histograms for these cells, the effects can be seen to be somewhat ambiguous and are not clearly inconsistent with the effect in the majority of cells. The only cells that clearly contradict the typical pattern are PC 18 -19. In these cells, the increased CS frequency caused an increased simple spike firing and no Purkinje cell CR at all.
D I S C U S S I O N
The primary object of these experiments was to compare the temporal topography of eyelid CRs with the firing pattern of Purkinje cells that control them in response to CSs of alternating intensities. This was motivated by two previous findings. First we have previously reported that increasing the intensity of a forelimb CS or the frequency of a mossy fiber CS can dramatically reduce the latency of a well-timed blink CR, sometimes with Յ50% . Second, we have recently shown that simple spike firing of Purkinje cells in the blink control area is depressed during the later part of the CS-US interval (Hesslow and Ivarsson 1994; Jirenhed et al. 2007) . This is consistent with the assumption of several cerebellar conditioning models-that a decreased Purkinje cell firing causes a disinhibition of the nuclear neurons and an excitatory signal to the red nucleus and facial nucleus motoneurons (Hesslow and Yeo 2002; Medina et al. 2001; Yeo and Hesslow 1998) . We therefore expected that the shortened latencies of blink CRs elicited by stronger CSs would be reflected in shortened latencies of Purkinje cell CRs.
This expectation was borne out. There was a significant shortening of Purkinje cell CRs in response to sudden increases in CS intensity, similar in magnitude to the parallel effect in overt blink CRs. The average reduction in the onset latency of blink CRs, when doubling the intensity of a skin CS, was 60 ms ). This figure should be compared with the corresponding reduction in the average onset latency of Purkinje cell CRs, which was ϳ50 ms (cf. Table 1 ). The average latency reduction of blink CRs on increasing a mossy fiber CS frequency was 73 ms , which should be compared with 68 ms for the Purkinje cell CR in this study. Notice, however, that this figure was based only on those cells that showed shortened CRs and were trained with a CS-US interval of 200 ms. Considering the variability of these latencies between animals, a stronger correlation would hardly be possible.
The close correspondence between blink CRs and Purkinje cell CRs supports the hypothesis that blink CRs are driven by Purkinje cell CRs (Jirenhed et al. 2007) , and it suggests that the mechanism behind the shortened blink CR latency is a corresponding change in the Purkinje cells rather than an increased excitatory drive on the neurons of the anterior interpositus nucleus, although such an effect is clearly not excluded by these observations. The latency effect in the second series of experiments with mossy fibers CSs was not as consistent as the effects of increasing the skin CS intensity. Whereas 8 of 8 Purkinje cells in the first series had shortened latencies on increasing CS intensity, 7 of the 11 cells in the second series showed the effect. Two Purkinje cells had no or ambiguous effects and two increased their simple spike firing when the CS frequency was increased. This need not be surprising. Direct mossy fiber stimulation is quite unnatural. In particular, it runs a high risk of activating mossy fibers and granule cells so strongly that it could disrupt the normal operation of the cerebellar cortex, for instance, by changing the balance between parallel fiber excitation and interneuron inhibition of Purkinje cells. We therefore take the cells in the second series as confirming or at least as being consistent with the initial hypothesis that the latency changes of blink CRs are mediated by corresponding changes in Purkinje cell CRs.
As mentioned in the RESULTS, the CS occasionally elicited complex spikes, and this occurred more often when the CS intensity was increased (Fig. 2) . Because complex spikes are known to elicit pauses in simple spike firing, this is a possible confounding factor in these experiments. Notice, however, that 1) simple spike pauses occur just as often on trials without complex spikes, 2) the suppression of simple spikes often started tens of milliseconds after the complex spike, and 3) occasional complex spikes occur also in cells with no Purkinje cell CR such as PC 2 in Fig. 2 but no pauses in simple spike firing were observed in these cells. Furthermore, the effects on Purkinje cell CRs were usually similar in the experiments where direct mossy fiber stimulation, which did not elicit complex spikes, was used as a CS.
What is the synaptic mechanism underlying the effect? One possibility is that an increased firing rate in mossy fibers translates into an increased firing rate in parallel fibers and that this causes a temporal summation in cortical neurons as suggested previously ). We do not know how the Purkinje cell CRs are generated, but a possible mechanism is inhibition by cortical interneurons. If so, summation of parallel fiber elicited excitatory postsynaptic potentials (EPSPs) in interneurons or summation of inhibitory postsynaptic potentials (IPSPs) in Purkinje cells could cause delays of Purkinje cell CRs. If the delay between mossy fiber input and Purkinje cell inhibition is a reflection of the time it takes for EPSPs in interneurons and/or IPSPs in Purkinje cells to reach a certain threshold, an increased firing rate in the parallel fibers would cause Purkinje cells to reach this threshold faster. One observation that is consistent with this suggestion is that inhibition of simple spike firing was stronger with the high-intensity forelimb CS.
This explanation could be extended to a general explanation for CR timing. If the amplitudes of postsynaptic potentials, whether interneuron EPSPs or Purkinje cell IPSPs, increase, they will inhibit simple spike firing in Purkinje cells faster and elicit downstream responses earlier. If there was a downstream mechanism for normalizing the amplitude of responses generated by disinhibition of nuclear cells, this would not necessarily lead to responses of larger amplitude.
On the other hand, an increased temporal summation would also be expected to increase the duration of the Purkinje cell CR. This cannot be evaluated in the first series of experiments because the offset of the CR was masked by the US, but in the second series, only a CS was presented. Contrary to the above suggestion, no increase in the duration of the Purkinje cells CR was observed.
Another argument against temporal summation as a general mechanism for CR timing is the observation that an animal trained with two USs presented at different times after the CS onset will develop bimodal CRs (Mauk and Ruiz 1992; Millenson et al. 1977 ) and bimodal nuclear responses (Choi and Moore 2003) . This is very difficult to account for in terms of temporal summation. Thus these results suggest that temporal summation of synaptic potentials can influence CR timing, although it is not likely to be the only mechanism.
The results may also be relevant to the problem of how the timing of trained automatic movements can be overridden. Appropriate and precise timing is a crucial aspect of virtually all skilled movements from driving a car to playing the piano and the temporal relations are usually well rehearsed and automatically timed, a feature usually associated with cerebellar control. When the need arises, such movements can nevertheless be performed at different speeds. If a particular response is controlled by the cerebellum, our results suggest that a change in its timing could be achieved simply by changing the strength of the mossy fiber input signal. 
